Avian influenza (AI) virus can remain infectious in water for months, and virus-contaminated surface water is considered to be a source of infection within wild waterfowl populations. Previous work has characterized the effects of pH, salinity, and temperature on viral persistence in water, but most of that work was done with modified distilled water. The objective of this study was to identify the abiotic factors that influence the duration of AI virus persistence in natural surface water. Surface water samples were collected from 38 waterfowl habitats distributed across the United States. Samples were submitted to the U.S. Geological Survey National Water Quality Laboratory for chemical analysis and the University of Georgia for viral reduction time analysis. Samples were filtered with 0.22-m filters, and the durations of persistence of three wild-bird-derived influenza A viruses within each water sample at 10, 17, and 28°C were determined. The effects of the surface water physicochemical factors on the duration of AI viral persistence in laboratory experiments were evaluated by multivariable linear regression with robust standard errors. The duration of AI virus persistence was determined to be longest in filtered surface water with a low temperature (<17°C), a neutral-to-basic pH (7.0 to 8.5), low salinity (<0.5 ppt), and a low ammonia concentration (<0.5 mg/liter). Our results also highlighted potential strain-related variation in the stability of AI virus in surface water. These results bring us closer to being able to predict the duration of AI virus persistence in surface water of waterfowl habitats.
W
ild birds are considered to be the primordial reservoir for influenza A virus, with species within the orders Anseriformes and Charadriiformes having the largest and most diverse genetic pool of viruses (1, 2) . Within these wild bird hosts, replication of avian influenza (AI) virus occurs primarily in the epithelial cells of the intestinal tract, and large amounts of virus are shed in feces (3, 4) . The virus contaminates the surrounding aquatic environment, where it remains infectious, facilitating indirect transmission between birds (5-8). Environmental persistence of AI virus has been determined to be important for the epidemiology of the virus within wild bird populations and within aquatic habitats, and surface water is considered to be the major site of environmental contamination (9) (10) (11) (12) .
The persistence of AI virus in water has been confirmed through environmental surveillance and laboratory-based investigations (6, (13) (14) (15) (16) . The temperature, pH, and salinity of the water have been identified as important determinants of the duration of persistence (8, (15) (16) (17) (18) (19) . Using modified distilled water as a laboratory model, Brown et al. (16) determined that AI viruses are most stable in water with a neutral-to-basic pH (7.4 to 8.2), low salinity (Ͻ20 ppt), and a low temperature (Ͻ17°C). These general trends are supported by further laboratory investigations using natural surface water samples (8, 15, 17, 20) . In a recent publication, Keeler et al. (20) demonstrated that variability in AI virus stability in filtered surface water from waterfowl habitats could not be entirely accounted for by considering only pH, salinity, and temperature, particularly under conditions historically considered to be ideal for persistence.
Wild waterfowl use a wide range of aquatic habitats, and these habitats have equally diverse surface water with highly variable physiochemical characteristics. While pH, salinity, and temperature have been shown to be significant predictors of AI virus stability, the influence of other physicochemical characteristics has not been fully evaluated and other factors may be affecting the stability of the virus. Characterization of the relationship between these factors and viral stability would provide further insight into the role of viral persistence within surface water in the epidemiology of AI virus and would bring us closer to being able to predict the duration of viral persistence within various aquatic habitats. The objectives of this study were to determine the duration of persistence of several AI viruses in filtered surface water from geographically discrete waterfowl habitats and identify the abiotic factors that are significant predictors of the duration of viral stability.
MATERIALS AND METHODS
Water collection. From June 2008 to April 2009, surface water samples were collected from 38 waterfowl habitats across the continental United States. For this study, sites were considered waterfowl habitat and sampled if the area had a documented population of migratory or resident species in at least one of the following Aves families: Anatidae (ducks, geese, or swans), Laridae (gulls), or Scolopacidae (shorebirds). Within each habitat, the body of water that was most likely to have at least a seasonal population of waterfowl was identified for sampling. Surface water samples were collected by using a multiple vertical sampling approach (21) . Field water quality parameters were measured at each sampling event and included water temperature, dissolved oxygen, specific conductance (SC), and pH with a multiparameter sonde that was calibrated daily prior to use. Turbidity was analyzed with portable spectrophotometers. Composite water quality samples were collected from multiple vertical-grab samples taken within 1 m of the shoreline and about 3 cm below the water surface. Samples for dissolved chemical analysis were filtered in the field with a 0.45-m-pore-size disposable capsule filter and preserved with acid. Samples for viral persistence analysis were collected in 1-liter low-density polyethylene wide-mouth bottles that had been autoclaved prior to use. All of the samples collected were placed on ice for transport to the laboratories.
Surface water samples for physicochemical analysis were submitted to the U.S. Geological Survey (USGS) National Water Quality Laboratory in Denver, CO, for analysis of acid-neutralizing capacity, pH, SC, dissolved major ions, dissolved organic carbon, dissolved nutrients, and selected dissolved trace elements as described by Fishman and Friedman (22) , Patton and Kryskalla (23), Patton and Truitt (24), Brenton and Arnett (25) , and Fishman (26) . Surface water samples for viral persistence trials were submitted to the Southeastern Cooperative Wildlife Disease Study (SCWDS) at the University of Georgia in Athens. Water samples received by the SCWDS laboratory were filtered with a Corning bottle top vacuum filter system with a 0.22-m polyethersulfone membrane filter (Corning Inc., Corning, NY) to remove most of the biological material, and samples were stored at 4°C until viral persistence trials were performed. The pH, SC, and temperature of the filtered samples used for viral persistence trials were measured with a VWR sympHony SB80PC benchtop meter (VWR International, Radnor, PA). To evaluate the physiochemical stability of the surface water samples after storage and filtration, the field pH and SC values were compared to the laboratory values determined at the time of the viral persistence trials. The laboratory-determined SC was used to calculate the salinity of the surface water samples (27) . The pH and calculated salinity data used in the statistical analysis were laboratory values determined after filtration.
Viruses. The low-pathogenicity AI viruses isolated from wild ducks and used in this study were A/Mallard/MN/199036/99 (H3N2), A/ Mallard/MN/199057/99 (H4N6), and A/Northern Pintail/TX/421716/01 (H8N4). These viruses were selected because they were used for previous persistence trials performed in our laboratory (16) and they are subtypes isolated from wild birds in North America (28) . Stocks of the viruses were propagated in 9-to 11-day-old specific-pathogen-free embryonated chicken eggs with virus-infected amnioallantoic fluid (AAF) harvested at 4 days postinoculation (dpi). The median 50% tissue culture infective dose (TCID 50 ) of each stock was determined on Madin-Darby canine kidney cells (16) . Viral stocks were stored at Ϫ80°C until water persistence trials.
Viral water persistence trials. Before water persistence trials were performed, all filtered water samples were screened for AI virus RNA and environmentally deposited cytopathic agents. RNA was extracted from two 50-l aliquots of each filtered water sample with the MagMax 96 AI/ND viral RNA isolation kit (Ambion, Inc., Austin, TX) and a KingFisher 24 (Thermo Scientific, Waltham, MA) semiautomated nucleic acid purification system in accordance with previously published protocols (29) . Real-time reverse transcriptase PCR was used to screen all samples for the matrix protein of influenza A virus. The primers and cycling parameters used were identical to those used by Spackman et al. (30) , and a Cepheid SmartCycler (Cepheid, Inc., Sunnyvale, CA) was used. Water samples were considered to be negative if the cycle threshold value was greater than 40. Two 500-l aliquots of each filtered water sample were diluted 1:1 in 2ϫ serum-free Eagle's minimal essential medium. The diluted water samples were subjected to the same infectivity assay as the experimental water to ensure that the cytopathicity observed during the experiment was not due to environmental contamination.
For all viruses, infective AAF was diluted 1:100 in each of the 38 filtered surface water samples. Inoculated water samples were divided into 4-ml aliquots in 5-ml polystyrene round-bottom tubes. Each virus and water sample combination was maintained at 10, 17, and 28°C, respectively, with low-temperature incubators and water baths. The three incubation temperatures were selected because they are temperatures that have been used extensively in studies described in the literature and they represent water temperatures that would be encountered in aquatic habitats of waterfowl (6, 15, 16, 19) . In addition, 15 ml of each water sample with no infective AAF was maintained at each temperature. There were 342 watervirus-temperature combinations (three incubation temperatures for each of the three AI viruses and each of the 38 water sample sites) and 144 water-temperature combinations (three incubation temperatures for each of the 38 water sample sites) included in the trial. The pH and SC of water samples were measured with a VWR sympHony SB80PC benchtop meter at the start and completion of each trial. An endpoint titration technique was used to measure virus infectivity. Virus-inoculated water was sampled at the time of inoculation (0 dpi) and at least six times thereafter. The frequency of the additional time points was determined on the basis of estimates of the time required for a viral titer reduction of 2 log 10 TCID 50 /ml (6, 15, 16) . In cases where the viral titer became undetectable before five samples were collected, the trial was rerun with a shorter sampling frequency. If a 2 log 10 TCID 50 /ml viral titer reduction was not observed after five sampling times, additional samples were taken while maintaining the same sampling frequency. The sampling frequency ranged from every 2 h for water samples with a low pH and high salinity at 28°C to every 5 days for water samples with a neutral pH and low salinity at 10°C. All titrations were performed in duplicate. The TCID 50 /ml was determined for each time point as previously described (16) .
Statistical analysis. The titration data for all trials were log 10 transformed. Simple linear regression was used to calculate the virus log 10 reduction time (Rt), which is the time in days required for a viral titer decrease of 1 log 10 TCID 50 /ml (i.e., a 90% reduction of infectivity) (Minitab 15; Minitab Inc., State College, PA).
The variance of Rt values increased with the mean, so a log transformation was used for statistical analysis. A predictive model was obtained by multivariable linear regression with robust standard errors to account for repeated measurements of the same water samples. Multivariable model selection began with a maximum model that contained main effect terms for all variables, with subsequent stepwise elimination of any variables having a P value of Ͼ0.10. After reaching a preliminary main effects model, all possible two-way interactions were evaluated. Residuals were plotted against the fitted values to screen for outliers and graphically evaluate the distributional assumptions. All testing assumed a two-sided alternative hypothesis, and P Ͻ 0.05 was considered statistically significant. Statistical analysis was performed with commercially available software (Stata version 11.1; StataCorp LP, College Station, TX).
RESULTS
The surface water samples collected for this study came from a wide range of waterfowl habitats distributed across the continental United States (Table 1) , and the samples were determined to have a wide range of physicochemical characteristics ( Table 2) . The field and laboratory pH values had a percent agreement of 95.6% (95% confidence interval [CI], 94.7%, 96.3%) and were statistically indistinguishable on the basis of linear regression (P Ͻ 0.001, R 2 ϭ 0.796). The field and laboratory SC values had a percent agreement of 98.3% (95% CI, 97.1%, 99.5%) and were also statistically indistinguishable on the basis of linear regression (P Ͻ 0.001, R 2 ϭ 0.955). All of the water samples collected for this study were determined to be AI virus negative, and no environmentally deposited cytopathic agents were detected. Viral persistence trials were performed with all 38 surface water samples, and Rt values were calculated for each water-virus-temperature combination (Table 3) , but because of incomplete physicochemical data for six sites, the data from only 32 samples were used for the statistical analysis (Tables 1 and 2 ).
Previous studies have determined that the ideal pH for AI virus persistence in water is at or nearly neutral pH with reduced persistence observed in both acidic and basic water (15, 16) . Consequently, in the regression analysis, pH values were categorized into ideal (pH 7.0 to 8.5) and nonideal (pH Ͻ7.0 and Ͼ8.5) ranges. The final multivariable linear regression model is summarized in Table 4 . Virus, temperature, pH, salinity, and concentrations of dissolved ammonia and sulfate were determined to be significant predictors of the log 10 Rt values, and a significant interaction between virus and salinity was observed. Salinity was calculated by using SC, and the concentrations of dissolved magnesium, sodium, potassium, and chloride were highly correlated with the calculated salinity (r Ͼ0.9) and were excluded from the model selection process. All of the other physicochemical factors (Table 2 ) evaluated in this study were determined to be nonsignificant predictors. The final linear regression model explained 64.0% of the variability in log 10 Rt values (i.e., R 2 ϭ 0.640). There was a significant interaction between virus and salinity, for every 1-U increase in salinity (ppt), the mean log 10 Rt decreased by 0.014 U for the H8N4 virus (95% CI, Ϫ0.027 U, Ϫ0.001 U), 0.016 U for the H3N2 virus (95% CI, Ϫ0.028 U, Ϫ0.004 U), and 0.019 U for the H4N6 virus (95% CI, Ϫ0.031 U, Ϫ0.006 U), which corresponded to relative decreases in the untransformed Rt values of 3.1, 3.7, and 4.2%, respectively. The duration of persistence of the H8N4 virus in freshwater was significantly shorter than that of both the H3N2 and H4N6 viruses (P Ͻ 0.001), but the differences between viruses were reduced in brackish and salt water (Table 5) . Consistent with previous studies of AI virus persistence in water (15, 16), the viruses in this study persisted longer at lower temperatures (geometric mean, Table 3 ), a nearly neutral pH (Fig. 1A) , and low salinity (Fig. 1B) . Compared to water samples at 10°C, the mean log 10 Rt value was 0.226 U lower at 17°C and 0.935 U lower at 28°C, corresponding to relative reductions in the untransformed Rt values of 40.6 and 88.4%, respectively. Compared to water samples with a pH of Ͻ7.0 or Ͼ8.5, the mean log 10 Rt value was 0.40 U higher in water samples with a neutral-to-basic pH (7.0 to 8.5), which corresponds to a relative increase in the untransformed Rt values of 151%. An inverse relationship between the Rt values and the dissolved ammonia concentrations was observed (Fig. 1C) . For every 1-U increase in the dissolved ammonia concentration (mg/liter), the mean log 10 Rt decreased by 0.796 U, corresponding to a relative decrease in the untransformed Rt values of 84.0%. Although there was an inverse univariate relationship between the Rt values and dissolved sulfate concentrations (Fig. 1D) , the relationship was positive after adjustment for the other variables in the multivariable analysis. For every 1-U increase in the dissolved sulfate concentration (g/liter), the mean log 10 Rt increased by 0.082 U, corresponding to a relative increase in the untransformed Rt values of 20.7% with all of the other variables held constant. All water samples with relatively high dissolved sulfate concentrations (Ͼ1 g/liter) had pHs between 7.95 and 8.40.
DISCUSSION
The stability of AI virus in water has long been considered to be an important characteristic for the maintenance of the virus within wild bird populations (3, 5) . The results of this study provide supporting evidence for the role of surface water as a source of AI virus infection for wild waterfowl species and increase our understanding of the factors that influence the duration of viral persistence. All three AI viruses remained infectious in filtered surface water samples for appreciable lengths of time, with the duration of persistence being influenced by measurable abiotic factors, including temperature, pH, salinity, and dissolved ammonia and sulfate concentrations. A significant difference in the duration of persistence was observed between the H8N4 virus and the other two subtypes, indicating potential strain-related differences in aquatic stability similar to those reported in previous studies (16, 19) . Strain-related differences in stability could be an indication of the adaptation of AI viruses to environmental persistence. More environmentally stable viruses would be better suited for transmission within low-density waterfowl populations and between different migratory populations or seasons. Further studies should be performed with natural surface water and a larger number of AI virus strains to determine whether some viruses are more environmentally stable than others. Consistent with previous studies, temperature and pH were determined to be significant predictors of AI virus stability (8, (15) (16) (17) (19) (20) . The duration of viral persistence was highest at lower incubation temperatures and in water samples with a neutral-to-basic pH. Greater variability in the duration of viral infectivity was observed between water samples with ideal pH conditions incubated at lower temperatures, consistent with previous observations (20) . These results, coupled with the results of previous studies, clearly highlight the importance of temperature and pH in determining the duration of persistence of AI virus in water. These factors provide useful criteria for ruling out particular aquatic habitats as longer-term sources of virus. Any site with more acidic (pH Ͻ6) or basic (pH Ͼ8.5) water and/or an elevated surface water temperature (Ն28°C) would not be suitable for the long-term persistence of AI viruses.
The influence of salinity on AI virus persistence has been described previously (15, 16) . In general, AI viruses persist longer in freshwater (salinity, Ͻ0.5 ppt) but some viruses have been shown to persist equally well in freshwater and brackish (salinity, 0.5 to 30 ppt) water (16, 19) . The H8N4 virus used in this study was also used by Brown et al. (16) , and in both studies, the virus persisted equally well in freshwater and brackish water but showed reduced persistence in salt water. The H8N4 virus was isolated from a northern pintail (Anus acuta) along the coast of Texas. The area where the virus was isolated has a mixture of fresh and brackish surface water, and the higher salinity tolerance of the virus could be an indication of adaptation to the local aquatic environment. Keeler et al. (31) demonstrated that variability in the duration of environmental stability between different viral isolates is lower in intact surface water than in filtered surface water, but this study included only freshwater samples. Further studies are necessary to determine whether the duration of environmental persistence varies between isolates in natural systems.
Common ions contributing to the salinity of surface water are sodium, calcium, magnesium, and potassium. While these values were not included in the final multivariable linear regression model, the relative abundance of these ions determines the salinity of the water and so cumulatively they are determinative of the duration of AI viral persistence. Although other ions were excluded from the multivariable linear regression model, dissolved a The water samples were analyzed by the USGS, and the in-depth physicochemical data are publically available at http://nm.water.usgs.gov/publications/pubswdr.html and can be retrieved by using the USGS site IDs listed in Table 1 All of the data are laboratorybased values determined after the surface water samples had been filtered. b Salinity was calculated by determining SC (27) .
sulfate was determined to be predictive of AI virus persistence. Sulfate is one of the most abundant ions present in all natural surface water, with concentrations varying considerably between surface water sources (i.e., inland versus coastal) and mineral content of the area (32) . In our multivariable model, dissolved sulfate concentrations of surface water enhance the duration of viral persistence but the dissolved sulfate concentration is most likely a confounding variable, with all of the surface water samples with higher dissolved sulfate levels (Ͼ1 g/liter) having slightly basic pHs. As demonstrated in this study and others, AI viruses persist longest in water samples with a neutral-to-basic pH.
An additional ion that can contribute to salinity but was determined to be a nonsignificant predictor of AI virus persistence is fluoride. Within the United States, water fluoridation programs have been instituted as a way to reduce tooth decay (33) (34) (35) . The EPA-recommended concentration of dissolved fluoride in drinking water is 4.0 mg/liter, and most surface water has significantly lower concentrations, but there are areas that have high fluoride concentrations (Ͼ1.0 mg/liter), including portions of the southwestern United States (35) . Although fluoride was determined to be statistically nonsignificant as a predictor, an inverse univariate relationship between dissolved fluoride concentrations and viral The inverse relationship between dissolved ammonia concentrations and AI virus persistence was not surprising, as ammonia has long been known to be toxic to viruses (36) (37) (38) . Singlestranded RNA viruses have been shown to be particularly susceptible to ammonia, as the mechanism of inactivation involves the cleavage of viral RNA in intact particles and single-stranded genomes are more susceptible to this cleavage (39, 40) . The unionized form of ammonia is the most virucidal, and the chemical state of ammonia is affected by pH, with more un-ionized ammonia present at higher pHs, but no interaction between dissolved ammonia and pH was observed in this study (36, 40) . Emmoth et al. (38) recently demonstrated that ammonia can be used to inactivate AI virus in chicken hatchery waste, supporting the results of this study. Ammonia is a natural waste product of aquatic organisms but is introduced into surface water in large quantities via agricultural and sewage runoff (41, 42) . The amount of ammonia present within an aquatic system is associated with the level of anthropogenic disturbance, with elevated ammonia concentrations usually found downstream of urban areas (43) . Most pristine aquatic habitats have low ammonia concentrations, and on the basis of the other abiotic conditions of the area, these habitats could be sources for longer-term persistence of AI viruses. Ammonia is not very stable in surface water and is readily oxidized by microorganisms into nitrite and nitrate, but ammonia concentrations can remain high in some aquatic systems that experience continuous environmental deposition from rural and urban runoff (43) . High concentrations of ammonia can cause eutrophication of aquatic systems, where algae bloom in large numbers, crowding out other organisms, and deplete dissolved oxygen concentrations and other resources within the aquatic system (41) . Recent studies have demonstrated that the biological components of surface water can reduce the duration of viral persistence, but it is unknown what portion of the microbial aquatic community is affecting the virus (8, 17, 31) . The algal blooms caused by high ammonia concentrations may cause a reduction in viral persistence in addition to the reduction caused by the direct inactivation of virus. High phosphorus and nitrate concentrations can also cause eutrophication of aquatic habitats (41) . While these two physicochemical factors were not determined to be predictive of AI virus stability in this study, under natural conditions, these factors could also influence the microbial community, altering viral persistence. This potential link between eutrophication and AI virus persistence warrants further investigation.
Statistical results from this study indicate that the duration of AI virus viability will be highest in surface water with a low temperature (Ͻ17°C), a neutral-to-basic pH (7.0 to 8.5), low salinity (Ͻ0.5 ppt), and a low dissolved ammonia concentration (Ͻ0.5 mg/liter). Results also highlight potential strain-related variation in the stability of AI virus in natural surface water. These results bring us closer to being able to predict the duration of AI virus persistence in surface water of waterfowl habitats. This type of information could be used to develop environmental surveillance programs or to identify areas that should be targeted by traditional surveillance. Coupling the multivariable linear regression model developed in this study with data on migratory and land use patterns of waterfowl could allow the ranking of waterfowl sites on the basis of the likelihood of surface water facilitating persistence and transmission. Although the general trends described in this study are representative of natural phenomena, any field application of our results should be done cautiously, as our current understanding of the environmental persistence of AI virus remains incomplete. The focus of this study was on viral persistence in water and identification of the abiotic constituents that influence it, but the biological components of water have been shown to influence viral stability, and other parts of the aquatic habitat, such as soil, have been proposed as alternative sources of virus (7, 8, 12, 17, 31) . Future studies should focus on identifying and characterizing the important biological components of surface water and on determining whether other potential environmental reservoirs exist within aquatic habitats.
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